We present the spectroscopic redshift catalog from a wide-field survey of the fields of 28 galaxy-mass strong gravitational lenses. We discuss the acquisition and reduction of the survey data, collected over 40 nights of 6.5m MMT and Magellan time, employing four different multi-object spectrographs. We determine that no biases are introduced by combining datasets obtained with different instrument/spectrograph combinations. Special care is taken to determine redshift uncertainties using repeat observations. The redshift catalog consists of 9768 new and unique galaxy redshifts. 82.4% of the catalog redshifts are between z = 0.1 and z = 0.7, and the catalog median redshift is z med = 0.36. The data from this survey will be used to study the lens environments and line-of-sight structures to gain a better understanding of the effects of large scale structure on lens statistics and lens-derived parameters.
INTRODUCTION
Strong gravitational lenses hold the promise to constrain cosmological parameters such as the Hubble constant H 0 (e.g., Refsdal 1964; Kochanek & Schechter 2004 ) and the dark energy density Ω Λ (Chae 2003; Mitchell et al. 2005) , to determine the properties and evolution of dark matter halos (e.g., Koopmans et al. 2009; Barnabè et al. 2009 ), and to uncover substructure in those halos (e.g., Mao & Schneider 1998; Metcalf & Madau 2001; Dalal & Kochanek 2002) . Inspite of ever-increasing sample sizes and improved observational data, systematic issues continue to plague current lens analyses. One such remaining source of systematics is the influence of the large scale environments in which lenses reside (e.g., Keeton & Zabludoff 2004 ). This point is borne out in the detailed analysis of the lens B1608+656 by Suyu et al. (2010) ; the authors find that the largest sources of uncertainty on the derived cosmological parameters are the mass distributions at the lens and along the line of sight (also see Wong et al. 2011) .
Both theoretical and observational work suggest that galaxy-scale gravitational lenses lie in complex environments. Statistical arguments imply that at least 25% of lens galaxies lie in groups or clusters (Keeton et al. 2000) . Spectroscopic observations have confirmed several groups (MG0751+2716, PG1115+080, B1422+231 and B1600+434, Kundić et al. 1997a,b; Tonry & Kochanek 1999; Fassnacht et al. 2006; Momcheva et al. 2006; Auger et al. 2007 ) and clusters (RXJ0911+0551, Q0957+561, HST14113+5211, and MG2016+112, Kneib et al. 2000; Young et al. 1981a; Fischer et al. 1998; Soucail et al. 2001 ) around lens galaxies. The analysis of Momcheva et al. (2006) showed that ∼ 50% of lenses in their sample are in groups and that a wide range of environments -small groups to massive clusters -host lenses. Furthermore, indirect, yet unconfirmed, evidence for the existence of complex environments comes from the large tidal shears required to explain the image configurations in many four-image lenses (e.g., Keeton et al. 1997; Lehar et al. 1997; Morgan et al. 2005 Morgan et al. , 2006 Witt & Mao 1997 , also see the Appendix).
Gravitational lensing is produced by the integral of the mass between the source and the observer and, therefore, foreground and background structures may also influence the lensing potential. Observations show that line-ofsight structures are common (B0712+472, MG1131+0456, B1608+656, MG0751+2716, Fassnacht & Lubin 2002a; Tonry & Kochanek 2000; Fassnacht et al. 2006; Momcheva et al. 2006) , and although the requirement that the structure is located at a small impact parameter, is fairly close to the lens in redshift, and/or has significant mass would suggest that only some of these structures should have a major impact on the lens, a detailed census of line-of-sight structures is needed to understand their frequency and significance.
We have carried out a spectroscopic redshift survey to map the environments and line-of-sight structures for 28 lenses. Here we present the data acquisition and resulting galaxy redshifts from this survey; subsequent papers will discuss in detail the lens environments, lines of sight, and the implications for lensing studies. Wong et al. (2011) have already explored the effects of the local environments and line-of-sight struc- Note. -Data from the CASTLES website, unless otherwise noted (http://cfa-www.harvard.edu/castles/). The columns are as follows: full lens ID, right ascension (J2000), declination (J2000), spectroscopic redshift of the lens galaxy, I-band magnitude of the lens galaxy, spectroscopic redshift of the source, time delay, image configuration, number of spectroscopically identified group members associated with the lens galaxy including the lens, velocity dispersion of the group, temperature of diffuse X-ray emission of the group. a References in Appendix. b If multiple time delays are measured, the longest one is listed. c R: Einstein ring; E: extended; 2+2: two pairs of images of two different sources. d Photometric redshifts. e Magnitudes are SDSS i . tures on the lensing potential.
Apart from lensing, this survey will produce a large sample of spectroscopically confirmed groups at intermediate redshifts that can be used for studies of galaxy evolution in group environments. Group catalogs based on this survey are presented in Momcheva (2009) and Wilson et al. (in prep.) .
In this paper we describe the acquisition and reduction of data for the spectroscopic survey, which spanned over 40 nights of 6.5-meter telescope time and incorporates redshift data from four different spectrographs. In Section 2 we outline the sample of lens fields surveyed. In Section 3 we present the target selection, observations, and data reduction. In Section 4 we present the master galaxy redshift catalog, and discuss the errors and the completeness of the redshift catalogs for each field. Throughout this paper we adopt the WMAP year seven cosmological parameters (Jarosik et al. 2010 ) based on the combined constraints from WMAP, H 0 , and baryonic acoustic oscillations: H 0 =70.4 km s −1 , Ω m = 0.272, and Ω l = 0.728.
THE SAMPLE
The goal of this survey is to study the local environments of and lines of sight to strong gravitational lens galaxies, and to quantify the effects of any structures on the lensing potential. We selected our sample of galaxy-mass lenses from the CAS-TLES 7 , a survey that obtained Hubble Space Telescope (HST) images in the H, I and V bands of galaxy-scale lenses and binary quasars with the NICMOS and WFPC2 cameras (GO: 7495, 7887; PI: Falco) . The goals of CASTLES are to obtain photometric redshifts for lens galaxies, to measure their M/L ratios and compare the distribution of dark matter and stellar light, to probe the ISM of lens galaxies, and to identify simple lens systems for measuring the Hubble constant. Including archival observations and HST follow-up by other groups, the current CASTLES sample consists of 100 lenses and 18 binary quasars.
In order to identify targets for spectroscopy, we obtained wide-field two-band imaging for 69 CASTLES fields between 2002 and 2005. The general observing and reduction strategy are given in Williams et al. (2006) , which also presented initial photometric results. A subset of 28 lens fields was selected from the 69 imaged fields for follow-up spectroscopy; an upcoming paper will discuss the photometry of these 28 fields. The primary criteria for spectroscopic follow-up were: that the lens galaxy had a known redshift z ≤ 0.83, approximately where the 4000Å break leaves the R band, thereby removing our ability to estimate red sequence redshifts pho-7 http://www.cfa.harvard.edu/castles/ tometrically; and that the field had already been imaged and the photometry reduced prior to the spectroscopic run, as our imaging and spectroscopic runs were interleaved. In early observing runs, this latter criterion introduces bias toward lens fields we considered "interesting": those with evidence of complex environments (i.e., large shear), or with poor lens models, as well as a bias against lens environments that had been well characterized by previous spectroscopic studies.
As our project progressed, additional lens fields were added to create larger samples of 2-and 4-image lenses, lenses with and without observed time delays, and lenses with previous redshift surveys near the lens but little or no spectroscopy 3 from the lens. We did retain the redshift criterion z lens ≤ 0.9 for every field except PMN 2004 (and, as discussed below, this field did not produce a useful sample of redshifts). We therefore conclude that while our lens sample is not unbiased, it covers the range of fundamental lens parameters. Table 1 presents the 28 lens systems. References and detailed information on each system are given in the Appendix. The redshifts of the lens galaxies range from 0.1 to 0.9. Time delays have been measured for twelve of the lenses (HE0435, FBQ0951, HE1104, PG1115, RXJ1131, H1413, B1422, SBS1520, B1600, B1608, WFI2033 and HE2149, see the Appendix for references).
Of the 28 lenses, 12 are two-image systems, ten are fourimage systems, and three have Einstein rings. Three systems have more complicated image morphologies: four extended images with an Einstein ring (Q0047), two images and a ring (MG1131), and a system with possibly two pairs of images of two different sources (B2114). Most lens galaxies have early type morphologies, with the following exceptions: B1600 and PMN2004 are lensed by spiral galaxies; the B1152 lens galaxy has a late-type spectrum; the MG1549 and WFI2033 lenses have S0 morphology (MG1549 is barred, an SB0); the B1608 lens is a pair of interacting early-type galaxies; and the H1413 lens morphology is unknown.
Previous studies have shown that seven of the lens galaxies in this sample are in groups (MG0751, PG1115, B1422, B1600, B1608, MG1654 and B2114), and one is in a cluster (HST14113). Photometric observations and lens models that require large shears have led to suggestions that another ten lens galaxies may be in groups (Q0158, HE0435, FBQ0951, HE1104, MG1131, RXJ1131, HST12531, H1413, SBS1520 and WFI2033). Line-of-sight structures have been found in the fields of B0712, MG0751, MG1131, and HE2149. Photometric observations have suggested such structures in FBQ0951 and RXJ1131.
3. THE DATA 3.1. Spectroscopic Target Selection We obtained deep I and either V or R images of each field between May 2002 and January 2006 using the 36 × 36 MO-SAIC imagers on the 4-meter Cerro-Tololo Inter-American Observatory (CTIO) Blanco telescope for the southern fields and the 4-m Kitt Peak National Observatory (KPNO) Mayall telescope for the northern fields. These images were reduced using standard IRAF 8 and SExtractor (Bertin & Arnouts 1996) routines. For a more detailed description of the photometric reduction and analysis, see Williams et al. (2006, and in prep.) .
We determined fiber and slitlet placement based on a prioritization scheme that considered observational constraints, projected distances of galaxies from the lens galaxy, and galaxy colors. For runs at Magellan, our observational constraints considered the instrumental setup, including the desired wavelength range, the orientation of the slit mask, and the total time a target was observable. Slit mask orientations were typically either near the expected parallactic angle or at a fixed east-west slit orientation if an atmospheric dispersion corrector was in operation (after May 2004 for Magellan/IMACS).
As the significance of a mass concentration for a lens model depends on the impact parameter, we prioritized slit mask centering and slitlet placement around the lens system. In early observing runs, slit masks tended to be centered on the lens system, while in later observing runs, more effort was made to tile a larger region around the lens, although always with the lens galaxy in the field so the region within a few arcminutes of the lens would be more completely covered than at larger radii. Within a field, galaxies within 3 of the lens always had highest priority, followed by galaxies situated 3 -5 from the lens, and then by more distant galaxies. The limiting magnitude for spectroscopic follow-up was I = 21.5 in all observing runs prior to Spring 2006 and I = 20.5 for the subsequent runs.
Prioritization also depended on galaxy colors. Evolved single-burs models with formation redshift z = 5 were used to determine the colors of galaxies as a function of redshift . In cases where a red sequence was obvious with a color close to that expected for a single-burst population at the lens redshift, galaxies with colors near the red sequence were prioritized. These color selection ranges were typically broad, including red sequence and blue cloud galaxies at the lens redshift. Second priority was given to regions in color space near any other suspected red sequences; this weaker priority would also be assigned to colors near an expected red sequence at the lens redshift if no red sequence was detected around the lens. Lowest priorities were given to galaxies of other colors. For spectroscopic runs which occurred prior to the finalization of the red-sequence finding algorithm discussed in Williams et al. (2006) , galaxies along poorly-populated red sequences were not prioritized. Two examples of this prioritization scheme used in single observing runs are shown in Figure 1 . The figure shows color-magnitude diagrams (left panels) and color histograms (right panels) for the galaxies in the imaged regions around HST12531 (top) and Q0158 (bottom).
In the field of HST 12531, two potential sequences are visible in the histogram; one near R − I ≈ 0.6 and a second near R−I ≈ 1.4. The lens galaxy is in the latter peak but is too faint to appear in the plot (I = 21.52, R − I = 1.35 ± 0.04). Therefore, galaxies with 1.25 ≤ R − I ≤ 1.55 received highest priority for slitlet assignment, and those with 0.35 ≤ R − I ≤ 0.85 were assigned second priority; this latter region was broadened to include several bright galaxies between 3 and 5 from the lens. As can be seen in Figure 11m , these prioritized regions correspond to a rich structure at z ≈ 0.05 (bluer region) and a pair of structures near z ≈ 0.66 (redder region).
The field around Q0158 presents a more problematic case. For this field, the first run of spectroscopic observations began before the photometric reduction pipeline was finalized. The panels in Figure 1 show final photometry, including evidence of color concentrations near R − I ≈ 0.5 and R − I ≈ 1.2. However, different regions of color space were prioritized in the slit masks (shaded regions). This was due to quality control issues in the initial photometric reduction, which also led to a low redshift success rate (Table 5) . Later runs covered a broader color space. As can be seen in Figure 11a , the resulting galaxy redshift distribution is clearly incomplete, but galaxies spanning a wide range of redshifts were still observed successfully.
From these examples, we can see that slit and fiber placement priorities are highly variable in terms of color. The breadth of the prioritized colors purposefully covers large fractions of color space, in order to include star-forming galaxies in groups, although we gain an added benefit of reducing the bias against finding groups with weak/no red sequences at a wide range of redshifts. The issue is further complicated by each instrument's slit mask or fiber configuration software, which weighs the assigned priorities differently and the observing sequence for each field. We examine the final observed completeness as a function of color, magnitude and projected distance from the lens in § 4.2.
Observations
We carried out the follow-up spectroscopy using the Magellan 6.5-meter telescopes for the southern targets and the MMT 6.5-meter telescope for the northern targets. B2114 was observed with both Magellan and the MMT. We used multiobject spectrographs that have a field of view ≥ 5 to permit uniform coverage out to at least 0.5 Mpc at the lens redshift, i.e., a group virial radius, in every pointing. On Magellan, we employed the LDSS-2, LDSS-3, and IMACS multi-slit spectrographs. On the MMT, we used the Hectospec multifiber spectrograph. The observations were carried out between March 2003 and September 2006. Table 2 summarizes the observing runs. Table 5 shows a breakdown of the observations for every field, including the number of masks or fiber configurations, N m , used for the field, and the total number of slitlets, N s , used or target object fibers, N f . The relevant details of the observing setup for each of the four spectrographs are described below.
LDSS-2 (Low Dispersion Survey Spectrograph -2) is a multi-object spectrograph in use on the Magellan II Clay telescope between (Wynne & Worswick 1988 Colless et al. 1990 ). We used the medium blue, 300 lines/mm grism blazed at 5000 Å, which provides 5.3 Å/pixel dispersion, and the medium red, 300 l/mm grism blazed at 8000 Å, Fig. 1 .-Color-magnitude diagrams (left) and histogram of galaxy colors (right) for the lens fields HST12531 (top) and Q0158 (bottom). Small points indicate the position of all galaxies in the photometric catalog, filled triangles are galaxies located between 3 and 5 of the lens galaxy, filled circles are galaxies located within 3 of the lens galaxy. The Q0158 lens is indicated with a star; the HST12531 lens is too faint to appear on the plot (21.52). Shaded regions indicate prioritized objects, with darker shading implying higher priority. Slitlet placement for galaxies within 5 of the lens galaxy received the highest priority (darkest shaded regions). The histograms show the color distribution of galaxies within 5 of the lens (solid line) and for the entire field (dashed line, renormalized to the solid histogram). From these we see that slitlet priorities cover broad sections of color space, not just regions around apparent red sequences. which provides 5.1 Å/pix dispersion. The field of view of the slit masks was 5 × 5 . The slit widths were 0.9 , giving a resolution of ∼15Å. Observations were carried out during two observing runs in 2003 March and 2003 August. A total of 38 masks containing 858 slitlets were observed. These data were first presented in Momcheva et al. (2006) but are re-analyzed here.
IMACS (Inamori-Magellan Areal Camera and Spectrograph) is a wide-field camera and spectrograph on the Magellan I Baade telescope (Bigelow et al. 1998 LDSS-3 (Low Dispersion Survey Spectrograph -3) is an upgraded version of LDSS-2 with larger field of view (8.3 diameter) and higher throughput installed on Magellan II Clay in 2005. We used the VPH-Blue grating, which has 1019 lines/mm and provides dispersion of 0.682 Å/pixel at 5200 Å, which gives a spectral resolution of 2.7Å. We used 0.9 slitlets. We chose this grism to achieve sensitivity in the 4500 to 6500 Å interval where we expected to find the 4000 Å break for targets between redshifts of 0.125 and 0.625. However, a shortcoming of this setup was that the spectra only span 2550 Å. Hectospec is a multi-object optical spectrograph fed by 300 fibers on the MMT (Fabricant et al. 2005 Spring. We used the 270 lines/mm grating, blazed at 5000 Å resulting in 1.21 Å/pixel dispersion and spectral coverage of 4000 to 9770 Å. Each fiber subtends 1.5 , which gives a spectral resolution of 6 Å. 29 different fiber configurations were observed and a total of 7036 objects were targeted.
3.3. Data Reduction All data were reduced using standard methods and employed instrument-specific, publicly-available reduction software whenever possible. Here we provide a brief description of the main reduction steps.
The data obtained with LDSS-2 were previously presented in Momcheva et al. (2006) . In this paper, we use the previous IRAF reduction and extraction but redo the flux calibration and redshift determination.
The data obtained with LDSS-3 and IMACS were all reduced using the COSMOS data reduction package (Oemler et al. 2008) . COSMOS relies on a detailed optical model of the spectrograph that allows for an accurate prediction of the positions of the spectral features on the detector. The reduction proceeds in the following steps: (1) alignment of the slit mask relative to the focal plane based on several bright and isolated comparison arc lines; (2) perfection of the alignment using one or more comparison arc images (we chose to fit the offsets along the slit and along the wavelength direction with first and second order polynomials, respectively); (3) image reduction, which includes bias subtraction, flat-fielding, and two-dimensional sky-subtraction (Kelson 2003) ; (4) extraction of the two-dimensional spectra; and (5) co-addition of the separate images with cosmic ray removal; (6) extraction of 1-dimensional spectra; (7) heliocentric velocity correction; (8) redshift determination.
We extracted the 1-dimensional spectra using a procedure written by A. Marble (personal communication), which implements an optimal extraction method similar to that described by Horne (1986) . We fit a polynomial of order one (for IMACS) or two (LDSS-3) to the flux-weighted center of the spatial profile along the wavelength axis. The spatial profile is fit by a spline curve and the profile values are weighted by their propagated variance.
There are two caveats in applying an optimal extraction algorithm to spectra of galaxies. First, optimal extraction is primarily intended for point sources. However, our routine does not assume that the spatial profile is gaussian, and the spline fits to the spatial profiles of the galaxies (which subtend 1 to 2 ) are excellent. Second, the optimal extraction algorithm assumes that the spectral signature is constant for all illuminated rows. This is generally true for the continuum light, but may not be true for emission lines, which can have different spatial profiles and, occasionally, resolved rotation curves. The weighting used by the optimal extraction may lead to bulge dominated spectra. For that reason, we also extract a traced but non-weighted spectrum of each object. The optimally extracted spectra, which have slightly higher signal-tonoise, are used for determining redshifts. The non-optimally extracted spectra, paired with the redshifts determined from the optimally-extracted counterparts, will be used for all other applications.
The Hectospec data are reduced using HSRED 9 , an IDL reduction package based on the SDSS spectroscopic pipeline (Stoughton et al. 2002; Kochanek et al. 2007; Cool et al. 2008) . For every observing night, a bias, a dome-flat, a skyflat, and a combined arc frame are produced by combining all relevant images taken over the course of the night. The uniformly illuminated dome flats are used to take out the highfrequency flat-field variations and fringing, while the twilight sky flats (when available) provide a correction for the lowfrequency fiber-to-fiber variations. The comparison arc lamp spectra are extracted and the centroids of the lines are measured and fit with a fifth order Legendre polynomial. After the bias subtraction, the object and sky fibers in each science exposure are traced with tweaking from the flat-field trace and optimally extracted. The extracted spectra are flat-fielded, and wavelength calibrated with slight tweaking to match the positions of selected skylines. Heliocentric velocity corrections are applied to the wavelength solution. An over-sampled supersky vector is constructed using the sky fibers. For each object fiber, the sky is re-sampled at every pixel and subtracted from the object spectrum. Finally, all exposures done with the same fiber configuration are co-added.
Flux Calibrations
The instrument response must be removed from the object spectra before applying the cross-correlation routine to determine the redshifts. For the purpose of the work presented here, absolute fluxing is not required.
Spectra of spectrophotometric standards were not taken during every night of the LDSS-2 2003 March and September runs. Only one spectrum of the spectrophotometric standard star CD-32 9927 was taken during the two runs (in March 2003). All LDSS-2 data were fluxed using this spectrum. During the IMACS and LDSS-3 observations, we took spectra of at least one spectrophotometric standard star during each observing night. We use the standards taken during the night of the observations to flux the spectra, with the exception of the February 2006 LDSS-3 run. For this run, we use the sensitivity curves from the August 2006 run instead, when the same instrument setup was used. The standard star spectra are reduced and extracted in the same man-ner as the spectra of the science objects, corrected for atmospheric extinction (using the standard IRAF CTIO extinction curve), and used to produce a sensitivity function for the night using noao.onedspec.calibrate and noao.onedspec.sensfunc in IRAF. Multiple standard star observations on a given night are averaged to produce a single average response function. The sensitivity function is applied to the spectra to convert them to units of f λ . The fluxing is not absolute because we do not correct for slit losses in either the standard or the science spectra.
We did not observe F stars along with our scientific targets (Papovich et al. 2006; Cool 2006) , nor did the Hectospec operation provide for taking standard star spectra during the night in any other way. We therefore choose to "pseudoflux" our spectra by applying an average flux vector derived from the AGES observations of F-stars over several observing runs (Cool 2006) . No extinction correction is applied. This method is adequate for our purposes as it removes the instrumental signature in the spectra. Again, the flux calibration is relative.
3.5. Redshift Determination For LDSS-3, IMACS, and Hectospec, we determine redshifts using a routine based on the SDSS redshift-finding algorithm (Cool et al. 2008) . The redshifts for the spectra taken with LDSS-2 were already measured as part of . However, for consistency, here we re-determine all LDSS-2 redshifts in the same manner as for LDSS-3, IMACS and Hectospec. The Cool et al. (2008) routine uses χ 2 minimization to compare each object spectrum to a library of galaxy and QSO model templates that are linear combinations of eigenspectra, as well as to a library of stellar spectra. Each template is shifted through a range of redshifts and a χ 2 is calculated. The minimum χ 2 yields the object redshift, a spectral classification from the best fit template, and a flag for the quality of the fit.
Each redshift was visually inspected to eliminate obvious failures. All IMACS and LDSS-3 sky-subtracted, twodimensional spectra were also visually inspected alongside the redshift inspection to insure that the spectral features are real. Spectra that did not yield redshifts were flagged and discarded. Spectra for which the redshift was not convincing (∼ 7.5% of all spectra) were flagged and further inspected by a second person. Finally, for some spectra, the routine failed to yield a correct redshift measurement, typically due to misidentification of poorly subtracted sky-lines with emission lines or to misidentification of breaks. In these cases, we examined not only the lowest χ 2 , but the lowest ten χ 2 templates. If none of these yielded a correct redshift measurement, the spectrum is also flagged and we do not attempt to obtain correct redshifts for the object. In total, we have obtained 410 redshifts with LDSS-3, 4451 redshifts with IMACS, and 4743 redshifts with Hectospec. Table 5 details the number of redshifts N z in the individual fields.
The old and new LDSS-2 redshift measurements are consistent with each other but for a small systematic offset (∼ 100 km s −1 ). The new LDSS-2 redshift measurements are more consistent with those from other instruments for the same galaxies. Thus we use the new redshift measurements throughout this paper. A total of 340 redshifts are added from LDSS-2. For 18 of the LDSS-2 objects, we could not recover the redshift from Momcheva et al. (2006) . The coordinates, photometric properties and original LDSS-2 redshifts for these objects are listed in Table 3 . Most were not recovered because the low signal-to-noise and poor quality of the spectra prevented any of the template fits from yielding a be- lievable redshift. Four of these objects are potential group members based on our follow-up group catalogs. However, three of these groups have at least 10 members so the effect of removing the redshifts from the catalog is not significant. The objects in Table 3 are not included in the current redshift catalog, and we recommend that readers do not use these redshifts.
Our success rate at obtaining redshifts, i.e., the ratio of redshifts obtained to objects targeted, varies with observing run. The overall success rate by instrument is 44% for LDSS-2, 68% for LDSS-3, 42% for IMACS and 67% for Hectospec. The IMACS success rate is heavily influenced by the first two runs, prior to improvements in the instrument: 34% for 2004 March and 35% for 2004 November (the latter was further worsened by poor weather). The IMACS success rate went up to 61% during our last run in 2005 April. The LDSS-3 success rate shows less run-to-run variation; the best (75%) was the 2006 August run, which had excellent conditions and 0.5 seeing, and the worst (59%) was the September 2006 run, which was marked by variable conditions and sub-par seeing (≥ 1 ). Hectospec delivered a gradually improving success rate as the instrument and our observing strategies improved, starting with 58% in 2004 Fall and going up to 79% for 2005 Summer. The overall success rate for our observations is 52%; we positioned 19212 slits and fibers and obtained 10044 redshifts, including 276 repeated measurements of the same object ( § 3.7). In the end, we have determined redshifts for a total of 9768 unique objects.
Additional Redshifts
In addition to the redshifts from our observations, we also collect redshifts from the literature. The main goal of adding these objects to the spectroscopic catalogs is to increase the membership of small/undersampled structures. We query the NASA/IPAC Extragalactic Database (NED) for galaxies with spectroscopically measured redshifts within a 20 radius of each field center and match the NED redshift to both our spectroscopic and photometric catalogs. The objects matched to our spectroscopic catalog are used for estimating the external We show ∆z = z 1 − z 2 as a function of I-band magnitude (first column), mean S/N of the spectrum (second column), and mean redshift (third column). We also show the overall ∆z distribution (rightmost panel). No repeat redshifts were measured with LDSS-3. The IMACS-IMACS and Hectospec-Hectospec distributions above are generally symmetric about zero. We conclude that no systematic errors are being introduced by merging data-sets from different observing runs with the same instrument. Table 4 lists median ∆z and σ ∆z for these distributions.
redshift errors (see § 4). Objects that do not have counterparts in our spectroscopic catalog are added to the spectroscopic catalogs. We do not add objects not present in our photometric catalogs, as these are typically high-redshift and/or lowluminosity galaxies. NED objects without published redshift errors (∼ 10 objects) are not included either. In total, we add redshifts for 870 objects in 27 fields with a median redshift z = 0.43. The cross-matching with NED was done in 2013 November and includes any redshifts from SDSS and 2dfGRS in these fields.
The number of redshifts added to each field is given in Table 5 . Notably, we add 240 redshifts to in the field of H12531, which contains a z = 1.237 supercluster (Demarco et al. 2007 ). Of these, 113 galaxies are at z > 1. We also add 133 objects in the field of PG1115, which contains the RXJ1117.4+0743 cluster at z = 0.485. In the field of HST14113, which includes the 3C 295 cluster at z = 0.46 (Dressler & Gunn 1992; Thimm et al. 1994) , we identify 108 objects with NED redshifts. However 72 of these objects have redshift errors ∆z > 0.001, potentially introducing significant uncertainties in the derived properties of structures in the field. Thus only 36 of these redshifts are added to the catalog.
The NED redshifts we add are flagged and will be treated differently throughout our analysis; they are not included in the completeness estimates or used in the assessment of the spectroscopic properties of individual galaxies. Auger et al. (2008) measure redshifts for 28 objects between z = 0.71 and 0.83 in the field of SBS1520. These redshifts are not included in NED, but, due to their importance in characterizing the environment of the lens, we add 26 of the 28 to our catalog. Of the remaining two, one is already in our catalog (ID=10411) and the other is the lens galaxy. The lens galaxy redshift is uncertain and is not added to the catalog (see Appendix). Errors of ∆z = 0.0004 are assigned to these redshifts, as suggested by the authors. These redshifts are treated in the same manner as the NED redshifts.
Systematic Redshift Errors
The data presented in this paper were taken during 15 observing runs over a period of four years. 14 of the fields were observed during more than one run and 13 of the fields were observed with more than one instrument. Despite our efforts to minimize any possible systematics by reducing all data in a uniform manner, some systematics may still be present. In this section we consider three possible sources of systematic errors: (1) systematic offset of the zero point of the redshift determination; (2) systematic offsets between redshifts measured with the same instrument during different observing nights/runs, i.e., the intra-instrument errors; and (3) systematic offsets between redshifts measured with different instruments, i.e., inter-instrument errors.
Due to errors in the wavelength calibration and/or instrument and telescope flexure that cannot be removed during the reduction, the wavelength calibrations of the spectra may be offset from rest. In addition, the zero point may change between masks, fiber configurations, nights and runs. We estimate the redshift zero points by measuring the velocities of the night sky lines in each spectrum. In , we found that no correction is necessary for the LDSS-2 redshifts based on zeropoints determined from skylines and serendipitous stars. For the rest of the data, we extract the sky spectra in the same manner as the science target spectra. For Hectospec, the distribution of the sky spectra velocities is consistent with zero. For IMACS and LDSS-3, the zero points vary from mask to mask, and we apply a correction equal to the median zero point offset on a per mask basis. We show ∆z = z 1 − z 2 as a function of I-band magnitude (first column), mean S/N of the spectrum (second column), mean redshift (third column), and the overall ∆z distribution (rightmost column). Table 4 lists the median ∆z and the σ ∆z for these distributions. In all cases, the distributions are consistent with zero within 1σ. We conclude that there are no systematic offsets among the data sets taken with different instruments.
We compare repeated redshift measurements from spectra taken during different observing runs to assess measurement errors. Some objects were observed repeatedly during different observing runs because the first observation did not yield a satisfactory S/N. However for 254 of these targets, we were able to obtain more than one redshift measurement. They were compared after making the zeropoint corrections above.
The intra-instrument errors are the variations among observations with one instrument on different nights or different runs. Figure 2 and Table 4 present the comparison or repeat redshift measurements obtained with the same instrument. The mean differences are consistent with zero. Thus we conclude that no systematic errors will be introduced as a result of combining data from different observing runs.
The rms dispersion of these repeated redshift measurements allow us to compare our results to those of larger surveys carried with the same instruments and the same instrumental setups. The Arizona CDFS Environmental Survey (ACES, Cooper et al. 2012) , carried out with IMACS, finds a dispersion of σ z c ∼ 75km s −1 based on 2438 pairs of repeat redshift measurements. Our value is σ z c ∼ 92km s −1 (σ z = 3.06e − 04) based on 136 repeat measurements. The Smithsonian Hectospec Lensing Survey (SHELS, Geller et al. 2014) find scatter of σ(∆z/(1 + z))c = 48km s −1 for 1651 pairs of absorption-line objects and 24 km s −1 for 238 pairs of emission line objects. The scatter of our sample of 13 objects (both emission-and absorption-line), normalized by (1 + z), is 54 km s −1 . In both cases our scatter is ∼ 25% larger. This difference is likely accounted for by differences in depth, S/N, balance between absorption and emission line objects and our smaller sample size.
The inter-instrument errors are the potential systematic variations from instrument to instrument. Figure 3 and Table  4 present the number of objects in common for each instrument combination as well as the median and standard deviation of the redshift measurement differences. In all cases, the Table 4 lists the median ∆z and σ ∆z of the distribution. Our redshifts are consistent with those in the literature, and there are no systematic offsets. Therefore the addition of redshifts from NED to our redshift catalogs does not introduce systematic errors.
median difference between repeat measurements is consistent with zero within the standard deviation.
Both the inter-and the intra-instrument dispersions in redshift measurements are an order of magnitude higher than the errors produced by our formal fitting procedure. We use our findings here to define better errors in Section 4.
To perform an external cross-check on our redshifts, we compare them to redshift measurements found in NED. Figure 4 and Table 4 show the distribution of redshift measurement differences between our spectroscopic catalog and NED as a function of magnitude, S/N, and redshift. The distribution is broad, as expected from the heterogeneity of the sample, but the mean is small (cz = 52 ± 290 km s −1 ). We conclude that, in comparison to redshifts in the literature, our redshift catalog has no significant systematic errors. One of our redshifts is clearly wrong; object 9136 in the PG1115 field is misidentified as a star in our spectroscopy, while it is a z = 0.14 galaxy in NED. Visual inspection of the image confirms that the object is extended and the coordinate match is correct. The failure is due to a wrong redshift generated by the automated fitting and not caught in the follow-up visual inspection. Based on this literature comparison, we conclude that our catastrophic failure rate is ∼ 0.54% (1 failure out of 186 matches). Assuming this rate is correct, we may expect ∼ 50 such failures in the entire survey. No catastrophic outliers are found internally because conflicts between repeated redshift measurements for objects with multiple observations were resolved by the visual inspection of the spectra. Table 6 presents the spectroscopic catalog in the field of Q0047 as an example. For each entry, we give the catalog number, J2000.0 coordinates in degrees calibrated to USNO-B2.0, projected distance to the lens in arc-minutes, redshift z, and redshift error δz. The positional errors are ∼ 0. 2 based on the scatter in the positions of stars in USNO-B2.0 and our catalog. We do not include photometry (magnitudes and colors), as these will be published later. We provide a spectroscopic flag with the following values: Flag=1 for objects with redshifts that are not in our final photometric catalog; Flag=2 for data obtained with LDSS-2; Flag=3 for data obtained with LDSS-3; Flag=4 for data obtained with IMACS; Flag=5 for data obtained with Hectospec; Flag=6 for NED objects.. The spectroscopic redshifts of the lens galaxy and source are listed first in each field (where available). Following them, galaxies are ordered within each field by ascending order of RA. Serendipitously observed stars are included at the end of the redshift catalog for each field for completeness, but radial velocities for them are not included. Finally, objects from NED are listed.
REDSHIFT CATALOG
Two of the fields in our sample, B1608 and PMN2004, have only limited spectroscopic observations (a single mask for B1608) and therefore very low completeness. The spectroscopic catalog includes 106 new redshifts in the field of B1608. Redshifts in the field of PMN2004 have already been published in Momcheva et al. (2006) , but we update them here. Due to the sparse coverage, these fields will not be considered in the completeness discussion in § 4.2. We warn users of this catalog that there are insufficient data to obtain meaningful constraints on the environments for these lenses.
The final spectroscopic catalog includes 9768 unique redshift measurements. The projected positions on the sky of of these objects relative to the objects in the photometric catalog (I ≤ 21.5) are presented in Figures 5a and 5b. As designed, the objects in the spectroscopic catalogs are concentrated around the lens galaxy but extend over the full field for most lenses. The completeness as a function of radius is examined in § 4.2. Spatial distributions for objects from NED are shown in Figures 10a and 10b in the Appendix.
The redshift distribution of the galaxies in the catalog is shown in Figure 6 . The median redshift for this sample is z med = 0.360 (stars excluded) and 82.4% (8045) of the objects are between z = 0.1 and z = 0.7. There are 622 objects (6.5% of the sample) at z > 0.7 and only 30 objects (0.3%) at z > 1.0. Serendipitously observed stars represent 6.0% of the sample or 646 objects. Including the objects from NED, the size of the final catalog is 10638 unique stars and galaxies. NED contributes a large fraction of the high redshift galaxies, adding 192 objects at z > 1. The median redshift for the full catalog (stars excluded) is z = 0.361, and 79.4% of all galaxies are between z = 0.1 and z = 0.7.
To illustrate the data, in Figure 7 we present the redshift distribution of galaxies in the field of Q0047. The top two panels show the projection of this distribution in Right Ascension and Declination as a function of redshift. The opening angle of the beams (0.5 degrees) is exaggerated in this projection, which causes structures to be stretched perpendicular to the redshift direction but makes them easier to see. The diverging horizontal lines indicate angular distances of 5 and 15 from the center of the field. The bottom panel shows the redshift histogram. The vertical dashed line shows the spectroscopic redshift of the lens galaxy. Analogous figures for the remaining 27 fields are shown in Figure 11 in the Appendix.
Redshift Uncertainties
The redshift errors in our catalog deserve separate attention. The errors output by the cross-correlation routine, which rely only on the goodness of fit, underestimate the true errors in the redshift measurements, because the scatter in ∆z = z 1 − z 2 for objects with repeated redshift measurements is much greater SBS1520 Fig. 5a .-Projected distributions of the objects in the final spectroscopic catalog (black points) relative to the objects in the full photometric catalog down to I = 21.5 (gray points). The positions of objects are in arcminutes relative to the lens galaxy (black cross). The areas without photometric coverage in the fields of Q0047, Q0158, HE0435, Q1017, RXJ1131, and B1608 are due to dead CCDs in the MOSAIC imager. The images in the B2114 field were dithered with too small of a step which causes the blank stripes between the detectors. Objects added from literature are not included in this plot. For the spatial distribution of those objects, see Figures 10a and 10b at the end of the paper. than the typical output redshift errors. We use the scatter in ∆z to estimate the true redshift errors. Figures 2 and 3 show that high S/N spectra yield more accurate redshift measurements. Objects with strong emission lines also exhibit lower ∆z scatter. Because of its large size, we use the IMACS-IMACS sample in Figure 2 to estimate the magnitude of the errors as a function of emission line strength. We fit the fluxed spectra with stellar population models, subtract the continuum fit, and measure the equivalent widths (EW) of five prominent emis- (Tremonti et al. 2004 ). We split the galaxy sample into three sub-samples: (1) galaxies with at least two lines, each with EW > 10 Å and S/N in both emission lines greater than 3, (2) galaxies with only one emission line with EW > 10 Å and S /N > 3, and (3) galaxies without any of these lines under the imposed requirements. We further split each sub-sample into three bins by mean continuum S/N and determine the standard deviation in ∆z in each of the resulting nine bins. We divide the standard deviations by √ 2 to account for the fact that ∆z is based on two redshifts. We use these results, listed in Table 7, to apply error-bars to our redshift catalog. The overall scatter in Table 4 for all instrument combinations is similar. We apply the errors from Table 7 to all spectra obtained with IMACS, Hectospec, and LDSS-3. The cross-correlation errors are not added in quadrature because they are an order of magnitude smaller.
The fluxing of the LDSS-2 spectra did not have sufficient accuracy for them to be fit with stellar population models. Only one standard star was observed during the course of the two observing runs and, while this was sufficient to remove the overall instrument response, large deviations remain in the continuum precluded us from measuring line fluxes. We assign redshift errors based on the spectrum S/N from the "full sample" values in Table 7 . The majority of LDSS-2 spectra have S/N< 5 and their corresponding errors are σ z = 3.6 × 10 −4 , consistent with the RVSAO errors in Momcheva et al. (2006) .
Finally, for the redshifts added from NED, we use their published errors. In summary, the redshift errors are generally c∆z 100 km s −1 or ∆z 3.33 × 10 −4 .
Completeness
In this section we consider the completeness of the observations and their success rate. For this purpose, we compare the contents of three different catalogs: the master galaxy photometric catalog, the catalog of targeted objects and the list of objects with successful spectroscopic redshifts. Some targeted galaxies with measured redshifts are excluded from the completeness analysis in Figures 8, 9a and 9b because of poor photometry, usually due to defects in the detector or bleed trails from nearby stars (∼ 265 objects or ∼ 2.6% of all redshifts). In addition, objects classified as "unresolved" in the final photometric catalogs (such as stars, compact galaxies, QSOs) are also excluded from the completeness analysis (∼ 250 objects or 2.4% of all redshifts). Figures 8, 9a and 9b also do not include the 964 objects from NED. Figure 8 demonstrates the distributions of objects in the spectroscopic, targeted and master photometric catalogs as a function of magnitude (first and third columns) and color (I < 22.0, second and fourth columns), with only R − I colors (left two columns) and only V − I colors (right two columns). The top row of panels show the direct object distributions. The magnitude distribution of the spectroscopic catalog qualitatively mirrors the distribution of the photometric catalog down to I = 20.0. The color distributions of the galaxies in the three catalogs are also qualitatively similar, although discrepancies appear at the red and blue ends. Very red and very blue galaxies were targeted at lower priority because they were likely to be at too high or too low redshift relative to the lens plane.
The bottom row of Figure 8 shows the targeted completeness (dark grey) and the spectroscopic success rate (light grey). We define the targeted completeness as the fraction of galaxies from the full photometric catalog on which we placed slits/fibers and the spectroscopic success rate as the fraction of galaxies from the targeted catalog for which we have measured redshifts. The targeted completeness as a function of magnitude is uniformly ∼ 20% down to I = 20 for the R − I sample and then slowly decreases. The targeted completeness as a function of magnitude for the V − I sample is higher: 70% at I < 16 and between 30 and 40% down to I = 20. This higher completeness is due to the fact that the six V − I fields were typically observed during multiple observing runs (as many as six runs for MG1654). Fainter than I = 20, the targeted completeness decreases as we approach the observed limiting magnitude. The targeted completeness as function of color (for I < 22.0) is lower at the blue and red ends of the color distributions for both samples. This is a reflection of the targeting priorities, which gave higher weight to targets with colors similar to suspected red sequences, therefore avoiding galaxies with very blue and very red colors which are at very low or high redshift, respectively.
The success rates for obtaining spectroscopic redshifts (Figure 8 , bottom row, light gray histograms, first and third panel) as a function of magnitude is 80% down to I = 19, decreases to 60% at I = 20 and declines further to 40% at I = 21, demonstrating the increasing difficulty of acquiring redshifts at fainter magnitudes. The success rate as a function of color (light gray histograms, second and fourth panel, bottom row of Figure 8 ) is ∼ 60% at the blue end of the color distribution and progressively decreases towards the red end. Such a difference is likely to arise from our differing ability to obtain redshifts for different types of galaxies. We are more successful at measuring redshifts for objects with strong emission lines (which tend to be blue), than for objects with only continuum spectra (which tend to be red). We now look at the spectroscopic catalog on a field-by-field basis. For each of the 26 fields, Figures 9a and 9b present the completeness of the spectroscopic (shaded histogram) and targeted (open histogram) catalogs. The targeted completeness is defined as above. The spectroscopic completeness is defined as the fraction of galaxies from the full photometric catalog for which we have measured redshifts. The general level of completeness varies from field to field as a result of our variable sampling. Fields that have been observed several times and for which we have obtained high quality data are better sampled. Here we explore whether any biases have been introduced in our sample as a result of the variable completeness.
For each field the first columns of Figures 9a and 9b show the targeted and the spectroscopic completeness as a function of I magnitude within 5 of the lens. We reach a relatively constant 40% completeness down to I = 20.5 in Q0047, HE0435, MG0751, FBQ0951, BRI0952, PG1115, RXJ1131, B1152, B1422, MG1654, and B2114. Most fields show a clear trend with decreasing completeness towards fainter magnitudes; however, for Q0158, B0712, BRI0952, Q1017, MG1131, H12531 and HE2149 these distributions are rather flat, indicating that completeness is low even at fairly bright magnitudes. The completeness is generally lower for fields that were targeted only during one observing run. If groups are identified in these fields, further follow-up may be beneficial to determine the properties of such structures.
The middle columns of Figures 9a and 9b show the spectroscopic and targeted completeness as a function of color for objects within 5 of the lens galaxy and with I ≤ 20.5. While we did apply a color-based priority when designing the multi-object configurations, this selection was very broad and not strict (galaxies outside the prioritized color region were not discarded as targets but just given lower priority). Thus we do not expect to have strong color biases in the targeted completeness and this is manifested in Figures 9a and 9b .
The spectroscopic completeness, however, is skewed towards bluer objects due to our higher success rate of obtaining redshifts for blue galaxies as discussed above. For the individual fields, however, the effect is not as obvious. The colors used in the target selection for the B0712 field were initially incorrect, but we expect that the color selection to be unbiased. The resulting color distribution is peaked at (R − I) ∼ 0.7, likely reflecting the large structure in this field (Figure 11c) .
The last columns in Figures 9a and 9b present the completeness as a function of distance from the lens for objects with I ≤ 20.5. Here we see the strongest bias inherent from our target selection; the completeness is highest in the vicinity of the lens galaxy. This effect is less noticeable for fields that have been targeted using fewer masks and/or during a single observing run, such as B0712, MG1131, H1413, SBS1520, MG1549 and B1600 (single run Hectospec observations), Q1017, HE1104, Q1355 (single run IMACS observations). The effect is most pronounced for fields targeted with LDSS-2 and LDSS-3, as the smaller field-of-view of these instruments and our requirement that the lens be within each slit mask results in a denser sampling near the lens. This bias is in fact useful because we expect that the largest shear is caused by structures with a small impact parameter relative to the lens . Therefore the high completeness in the center of the field will allow us to identify sparsely populated structures at small impact parameter, while larger structures can still be discovered at large impact parameters even with sparser coverage. At large radius we notice the effects of the instrument field-of-view: fields observed with IMACS have coverage out to 15 from the lens (FOV: 15 radius), while fields observed with Hectospec have coverage out to the extent of our MOSAIC imaging, ∼25 from the lens (FOV: 30 radius).
SUMMARY
We have presented a detailed description of the data acquisition and reduction, as well as the redshift catalog, for a spec- troscopic survey of the environments and lines of sight of 28 galaxy-mass strong gravitational lenses. The spectroscopic catalog consists of 9768 unique new redshifts acquired over the course of 15 observing runs utilizing more than 40 nights of 6.5-meter telescope time and four different instruments. We test the redshifts both internally and against external redshift measurements to ascertain that no biases are introduced when the different data-sets are combined. The redshift uncertainties are determined based on the scatter in repeat redshift measurements, and they range from 1.3 × 10 −4 to 4.3 × 10 −4 (i.e., c∆z = 40 to 130 km s −1 ), depending on the spectral properties of the object. The final spectroscopic catalog includes J2000.0 coordinates, redshifts, and redshift errors. Many structures are visible in the redshift distributions along the lines of sight to these lenses. These structures will be discussed in upcoming work.
We thank the staff of the Las Campanas and MMT observa- Q ER 0047-2808 (herein Q0047) was discovered serendipitously by Warren et al. (1996) as part of a spectroscopic survey of early type galaxies that included the lens: a massive early type galaxy at z l = 0.485. Q0047 was the first optical Einstein ring discovered. Warren et al. (1998) confirmed that the source is a z s = 3.595 highly star-forming galaxy and measured the ring radius to be r = 1.35 . There is no prior observational work on the environment of the lens galaxy. Based on non-parametric lens models, Wayth et al. (2005) conclude that the SIS+external shear models are ruled out by the data.
Q J0158-4325 (a.k.a. CTQ 0414, herein Q0158) is a doubly imaged z s = 1.294 quasar lens with image separation 1.2 (Morgan et al. 1999; Faure et al. 2009 ). The lens redshift is z l = 0.317 ± 0.001 (Faure et al. 2009 ). The lens galaxy spectrum and light distribution are consistent with it being an elliptical galaxy. An over-density of galaxies is found at a photometric redshift z = 0.5 ± 0.1 by Faure et al. (2004) .
HE0435-1223 (herein HE0435) was discovered as part of the Hamburg/ESO (HES) survey of bright quasars (Wisotzki et al. 2000) as a z = 1.689 QSO. A follow-up high resolution image with the 6.5 m Baade/Magellan I telescope revealed the four lensed images of the quasar (Wisotzki et al. 2002) in a configuration resembling the Einstein Cross lens Q2237+0305 (Huchra et al. 1985) . The image separations are 2.3 (B-D) and 2.6 (A-C). The lens has a spectrum and a spatial profile characteristic of an early type galaxy. Morgan et al. (2005) measure the lens redshift z l = 0.4546 ± 0.0002. HST ACS observations (Morgan et al. 2005 ) reveal a spiral rich group of galaxies within 40 of the lens, but their 18 measured redshifts do not reveal a coherent structure. An SIS+shear lens model fits the lens well and requires γ = 0.074 at φ γ = 76.5 deg. HE0435 is one of the twelve time delay lenses in this sample with ∆t BA = 8.4 ± 2.1 days, ∆t BC = 7.8 ± 0.8 days and ∆t BD = −6.5 ± 0.7 days (Courbin et al. 2010) .
CLASS B0712+472 (herein B0712) was discovered as part of the JVAS/CLASS (Patnaik et al. 1992b; Jackson et al. 1995 ) survey of flat spectrum radio sources. Follow-up imaging revealed a quadruply imaged z s ∼ 1.33 quasar and a V = 22.2 early-type lensing galaxy ). The maximum image separation is 1.27 . Fassnacht & Cohen (1998) confirm z l = 0.4060 and z s = 1.339. B0712 is a flux anomaly lens with the major flux density discrepancy involving the B and D images. Jackson et al. ( , 2000 suggest that while the D image discrepancy is probably due to reddening, the B image discrepancy is most likely caused by microlensing. Fassnacht & Lubin (2002a) find a foreground group at z = 0.2909 (confirmed by Fassnacht et al. 2008) , spatially coincident with the lens and measure its velocity dispersion σ = 306 +110 −58 km s −1 . The shear due to this foreground group is expected to be small: γ = 0.03 to 0.05 (Keeton et al. 1998; Fassnacht & Lubin 2002a) .
MG0751+2716 (herein MG0571) was discovered as a part of the MIT-Greenbank-VLA survey for strong gravitational lenses. It consists of four images of a z s = 3.200 ± 0.001 quasar and a partial ring (Lehar et al. 1993b; Tonry & Kochanek 1999) . The lens galaxy is a R = 21.3 early type galaxy (Lehar et al. 1997 ) at z l = 0.3502 ± 0.0003 (Tonry & Kochanek 1999) and is a satellite of a nearby massive elliptical (R = 19.1, z = 0.3501 ± 0.0003, Tonry & Kochanek 1999) . Tonry & Kochanek (1999) also identify a third member of the group: a nearby emission line galaxy at z = 0.3505 ± 0.00003. Lens models (Lehar et al. 1997 ) suggest that MG0751 requires more external shear, which may be due to its complex environment. This hypothesis is confirmed by Momcheva et al. (2006) , who identify another 10 members of the group and determine its velocity dispersion σ = 320 +170 −110 km s −1 . Williams et al. (2006) also identify a background red sequence at z RS = 0.48 consistent with an under-sampled z = 0.5605 group with 5 members and σ ∼ 550 km s −1 found by Momcheva et al. (2006) . FBQS J0951+2635 (herein FBQ0951) was the first strong lens discovered by the FBQS (FIRST Bright Quasar Survey, Gregg et al. 1996) . It was originally identified as a B ∼ 16.9, z s = 1.24 quasar, but high-resolution follow-up imaging and spectroscopy (Schechter et al. 1998 ) revealed two images of the same background quasar, separated by 1.1 . Eigenbrod et al. (2006a) determine the lens redshift z l = 0.26±0.002. This is coincident with the redshift z RS = 0.27 of one of the three groups identified by Williams et al. (2006) along the line of sight of FBQ0951, the other two red sequences being at z RS = 0.16 and z RS = 0.43. Jakobsson et al. (2005) measure the time delay between the two images: ∆t = 16 ± 2 days.
BRI0952-0115 (herein BRI0952) is a doubly imaged z s = 4.5 optical quasar discovered by McMahon & Irwin (1992) . The image separation is 0.9 . The quasar was also detected at millimeter wavelengths (Omont et al. 1996) . Keeton et al. (1998) find that the lens is a flattened early-type galaxy. Momcheva et al. (2006) suggest that the lens galaxy may be associated with a z g = 0.42 group of 5 galaxies with σ = 170 +150 −100 . This suggestion is rejected by Eigenbrod et al. (2006a) , who determine the lens redshift to be z l = 0.632 ± 0.002.
Q J1017-207 (a.k.a. CTS J03.13, herein Q1017) was discovered by Claeskens et al. (1996) by careful analysis of the optical images for selected highly luminous quasars, which reveled that the J03.13 quasar consisted of at least two separate components. Further observations (Surdej et al. 1997) suggested that the two sources were images of the same z s = 2.545 quasar separated by 0.849 ± 0.001 . Lehár et al. (2000) detect the galaxy in HST NICMOS imaging. Kochanek et al. (2000b) estimate the lens galaxy redshift to be z l = 0.78 +0.09 −0.05 based on Fundamental Plane fitting. A reliable spectroscopic redshift is not available, but Ofek et al. (2006) estimate z l = 1.088 ± 0.001 based on a Mg II absorption line in the quasar spectra.
HE1104-1805 (herein HE1104) was serendipitously discovered by Wisotzki et al. (1993) as a doubly imaged radio-quiet quasar at z s = 2.319 with image separation 3 . The lens redshift z l = 0.729 ± 0.001 was measured by Lidman et al. (2000) . Based on its spectrum and optical colors, the galaxy is likely an elliptical. HE1104 is unusual because the brighter image is closer to the lens galaxy, and lens models of the system require fairly large shear γ ∼ 0.125 to 0.142. The time delay ∆t = 161 ± 7 days was measured by Ofek & Maoz (2003) , who also detected residual variation attributed to microlensing. Faure et al. (2004) find an overdensity of galaxies in the field of H1104, which, based on the photometric redshifts, might be associated with the background quasar.
PG 1115+080 (herein PG1115) is a z s = 1.722 radio-quiet quasar lensed into four images by a z = 0.3098 ± 0.0002 elliptical galaxy (Weymann et al. 1980; Kundić et al. 1997a; Tonry 1998) . The presence of a small group associated with the lens is suggested by Young et al. (1981a) and confirmed by Kundić et al. (1997a) and Tonry (1998) , who measure the redshifts of 4 galaxies within 20 of the lens and estimate σ = 270 ± 70 km s −1 and σ = 326 km s −1 , respectively. Grant et al. (2004) and Fassnacht et al. (2008) detect diffuse X-ray emission associated with the group with temperature kT ∼ 0.8 ± 0.2 keV. Time delays were measured by Schechter et al. (1997) and improved by Bar-Kana (1997) : ∆t BC = 25.0 +3.3 −3.8 days and ∆t AC /∆t BA = 1.13 +0.18 −0.17 and more recently confirmed by Artamonov et al. (2011) , despite contradicting reports (Vakulik et al. 2009; Tsvetkova et al. 2010) . PG1115 has anomalous flux ratios that are probably due to microlensing (Chiba et al. 2005) .
MG1131+0456 (herein MG1131) was observed with the VLA as part of the MIT -Green Bank (MG) survey. Even a short exposure revealed its unusual ring-like morphology. Follow-up observations (Hewitt et al. 1988; Chen & Hewitt 1993 ) identified it as a radio Einstein ring with two compact, embedded sources and revealed an even more complex morphology: a radio jet lensed into an elliptical ring, the radio core doubly-imaged, and the oposite radio jet unlensed. In the optical (Kochanek et al. 2000a) , there is an incomplete ring image of the AGN host galaxy, while in H-band the ring image of the host galaxy is complete. Ground-based optical and IR imaging (Larkin et al. 1994) showed that both the lens and source were extremely red. Based on broad band colors, Hammer et al. (1991) suggest tentative lens and source redshifts: z l ∼ 0.85 and z s ∼ 1.13. HST imaging shows that the lens is an early type galaxy, while the source appears to be an extremely red object at z s ∼ 2 (Kochanek et al. 2000a ). Tonry & Kochanek (2000) measured the lens redshift z l = 0.8440 ± 0.0005. Larkin et al. (1994) notice a significant excess of objects within 20 of the lens and suggest that they might complicate the lens potential. Based on the colors of the galaxies in the field, Kochanek et al. (2000a) suggest that the lens belongs to a group of at least seven galaxies. Tonry & Kochanek (2000) measure redshifts for 3 galaxies in the field and find evidence for a foreground group at z = 0.343 with σ = 232 km s −1 . RXJ1131-1231 (herein RXJ1131) is a four-image lens with an Einstein ring discovered serendipitously by Sluse et al. (2003) . The source and lens redshifts are z s = 0.658 ± 0.001 and z l = 0.295 ± 0.002. The lens galaxy has a characteristic early-type spectrum. RXJ1131 has anomalous flux ratios by a factor of two in the optical and three to nine in the X-ray (Blackburne et al. 2006) , possibly explained by substructure (Morgan et al. 2006) . RXJ1131 is also a time delay lens with measured delays of t AB = 0.7 ± 1.4 days, t CB = −0.4 ± 2.0 days, and t DA = 91.4 ± 1.5 days (Morgan et al. 2006; Tewes et al. 2013) . Suyu et al. (2013) measure a velocity dispersion for the lens: σ = 323 ± 20 km s −1 . There is evidence for significant structure along the line of sight of this lens: a group at z ∼ 0.1 and possibly a group associated with the lens (Morgan et al. 2006; Williams et al. 2006) . Both structures are detected as X-ray sources with luminosities 3.1 ± 0.5 × 10 43 and 2 × 10 43 ergs s −1 respectively (Morgan et al. 2006; Sluse et al. 2007 Sluse et al. , 2008 . SIS+γ models require a large shear > 0.1 (Morgan et al. 2006) . A detailed model of this system is presented in Suyu et al. (2013) .
CLASS B1152+200 (herein B1152) is a two-image gravitational lens discovered in the Cosmic Lens All-Sky Survey (CLASS, Browne et al. 2003; Myers et al. 2003) . A z s = 1.0189 ± 0.0004 quasar is lensed by a z l = 0.4386 ± 0.0008 galaxy. The lens galaxy spectrum shows prominent [OII] emission, suggesting that the lens is a late-type galaxy. The image separation is 1.6 . The lens galaxy is faint and difficult to de-convolve from the lensed images, thus little is known about the lens itself and lens models are very unconstrained. B1152 is a good time delay candidate with an expected time delay ∆t = 32 ± 4 h −1 days (Muñoz et al. 2001 ), but it is yet to be measured.
HST J12531-2914 (herein HST12531) was discovered serendipitously in HST WFPC2 observations as part of the Medium Deep Survey (MDS, Ratnatunga et al. 1995) . The four images in an Einstein cross configuration are separated by ∼ 1 and are much fainter (I ∼ 25 − 27) than the early type lens galaxy I ∼ 19 − 22. Based on fundamental plane fitting, Kochanek et al. (2000b) estimate z l = 0.63
−0.03 . Lens models of HST12531 require unusually large shear γ ∼ 0.2 (Witt & Mao 1997) , suggesting a misalignment between the galaxy and its DM halo, or perhaps a complex environment.
LBQS 1333+0113 (a.k.a. SDSS J1335+0118, herein LBQ1333) was identified as a quasar in the Large Bright Quasar Survey (LBQS, Hewett et al. 1991) , but not as a lensed source: Hewett et al. (1998) looked for lenses in LBQS, but did not discover this one because they were only sensitive to separations larger than 3 . Oguri et al. (2004) identified it as a doubly lensed z s = 1.57 ± 0.05 quasar in the SDSS. The image separation is 1.56 . The lens redshift is z l = 0.440 ± 0.001 . Based on its spectrum and colors, both and Oguri et al. (2004) conclude that the lens is an early type galaxy.
Q1355-2257 (a.k.a. CTQ 0327, herein Q1355) was discovered by Morgan et al. (2005) during an HST STIS snapshot campaign to find small separation gravitational lenses. The two images of the z = 1.37 quasar are separated by 1.22 , and the lens is an early type galaxy at z l ∼ 0.4 − 0.6 based on the Faber-Jackson relationship (Morgan et al. 2005) . Eigenbrod et al. (2007) give a tentative measurement of the lens redshift z l = 0.702. The lens redshift is not in NED, but we have added it to our spectroscopic catalog.
HST J14113+5211 (herein HST14113) is a quadruple lens with maximum separation 2.28 discovered serendipitously by Fischer et al. (1998) in the z = 0.46 cluster CL 140933+5226 (a.k.a. 3C 295). The lens is identified as an early type galaxy most probably belonging to the cluster. Lubin et al. (2000) measure the lens and source redshifts: z l = 0.465 and z s = 2.811. The cluster has velocity dispersion σ = 1300 km s −1 based on 21 members (Dressler & Gunn 1992) .
[HB89] 1413+117 (a.k.a. the Cloverleaf, herein H1413) is one of the most widely studied strong gravitational lenses. It was identified as a broad-absorption line quasar at z s = 2.55 by Hazard et al. (1984) and originally included in the Hewitt-Burbidge QSO catalog (Hewitt & Burbidge 1989) . Later Magain et al. (1988) discovered that it is in fact a gravitational lens with 4 images separated by 1.1 and 1.36 along the diagonals, and identify two absorption line systems in the quasar spectra at z = 1.43 and 1.661 possibly caused by the lens and/or line-of-sight structures. The lens galaxy was detected by Kneib et al. (1998a) , who derive a photometric redshift z l = 0.9 ± 0.1 for it and the surrounding group of galaxies. They suggest that the lens lies in a dense environment (also , which causes the large shear (γ = 0.110 ± 0.003, Keeton et al. 1997) required by lens models. Based on extensive photometric redshifts, Faure et al. (2004) find two separate over-densities along the line of sight to H1413 at z = 0.8 ± 0.3 and 1.75 ± 0.2. Variations between the image fluxes (e.g., Angonin et al. 1990 ) have been ascribed to microlensing and/or intrinsic quasar variability. Goicoechea & Shalyapin (2010) determine time delays ∆t AB = −17 ± 3 days, ∆t AC = −20 ± 4 days, and ∆t AD = 23 ± 4 days.
JVAS B1422+231 (herein B1422) is a four image lens discovered in the Jordell Bank -VLA Astrometric Survey (JVAS, Patnaik et al. 1992a,b; King et al. 1999) . The source is a z s = 3.62 radio-loud quasar lensed by a z l = 0.338 luminous elliptical galaxy (Impey et al. 1996; Kundić et al. 1997b) . Using the radio light curves, Patnaik & Narasimha (2001) measure the time delays between the images to be 1.5 ± 1.4 days (between B and A), 7.6 ± 2.5 days (between A and C), and 8.2 ± 2.0 days (between B and C). The lens belongs to a group of 16 galaxies with σ = 470 +100 −90 km s −1 (Kundić et al. 1997b; Momcheva et al. 2006 ). Grant et al. (2004) and Fassnacht et al. (2008) detect the diffuse X-ray emission of the group. Grant et al. (2004) determine its temperature kT = 1.0 keV and luminosity L X = 8 × 10 42 erg s −1 . B1422 is also a lens with anomalous flux ratios (Mao & Schneider 1998; Chiba et al. 2005) .
SBS 1520+530 (herein SBS1520) is a doubly imaged z s = 1.855 BAL quasar discovered in the Second Byurakan Survey (SBS, Chavushyan et al. 1997) . The images are separated by 1.005 . The redshift of the lens galaxy is ambiguous: Burud et al. (2002a) measure z l = 0.71 ± 0.005, but Auger et al. (2008) claim z l = 0.761 is more likely. Because of this ambiguity, neither redshift is added in our catalog. The time delay between the images is ∆t = 125.8 ± 2.1 days (Eulaers & Magain 2011) . Lens models of SBS1520 require unusually large shear γ ∼ 0.34, which is attributed to a nearby galaxy and a group at the lens redshift (Burud et al. 2002a; Faure et al. 2002; Auger et al. 2008) . Auger et al. (2008) also find that the lens is best fit with a steeper than isothermal profile, which may arise from a tidal interaction with the nearby galaxy. Short term variations in the image fluxes are probably due to microlensing (Gaynullina et al. 2005) .
MG J1549+3047 (herein MG1549) was recognized as a gravitational lens by Lehar et al. (1993a) in a radio source mapped as part of the MIT-Greenbank-VLA survey (Lehar 1991) . The z l = 0.111 galaxy lenses one of the radio lobes of a z s = 1.170 ± 0.001 background radio galaxy into an radio Einstein ring. The velocity dispersion of the SB0 lens galaxy is σ * = 227 ± 18 km s −1 (Lehar et al. 1996) . A third object at z = 0.604 ± 0.001 lies projected between the lens and the radio galaxy producing the jet.
CLASS B1600+434 (herein B1600) is a two image gravitational lens discovered in the CLASS survey (Jackson et al. 1995) . A z s = 1.589 ± 0.006 radio source is lensed by a z l = 0.414 ± 0.0003 edge-on spiral galaxy (Fassnacht & Cohen 1998; Jaunsen & Hjorth 1997; Koopmans et al. 1998) . The images are separated by 1.4 . Koopmans et al. (2000) measure the radio time delay of ∆t = 47 +5 −6 days and also report that short term variability in the A image is probably caused by microlensing. Burud et al. (2000) measure the optical time delay ∆t = 51 ± 4 days. Williams et al. (2006) find a red line-of-sight structure at z ∼ 0.5. Auger et al. (2007) find that the lens belongs to a group of 6 late-type members with σ = 100 ± 40 km s −1 as well as identifying two background groups (z = 0.543, 0.629) or associations that might not be bound. X-ray observations of B1600 (Dai & Kochanek 2005) fail to detect extended emission from the intra-group gas and place a limit on its luminosity of L X ∼ 2 × 10 42 for a group at the lens redshift.
CLASS B1608+656 (herein B1608) was the first lens discovered as part of CLASS (Browne et al. 2003; Myers et al. 2003) . A z s = 1.394 post-starburst galaxy (Fassnacht et al. 1996) is lensed into four images by a z l = 0.6304 pair of interacting early-type galaxies. The stellar velocity dispersion of the main lens galaxy is σ * = 247±35 km s −1 , and it has an E+A spectrum . The maximum separation between the images is 2.1 . B1608 is a time delay system with radio delays ∆t BA = 31.5 +2 −1 days, ∆t BC = 36.0 +1.5 −1.5 days, and ∆t BD = 77.0 +2.0 −1.0 days (Fassnacht et al. 2002b) . Suyu et al. (2010) measure the velocity dispersion of the main lens galaxy: 260 ± 15 km s −1 . Auger et al. (2008) find a group of eight galaxies at the lens redshift to which Fassnacht et al. (2008) add two more members. The group velocity dispersion is σ = 150 ± 30 km s −1 . Three other groups have been found along the line of sight (z = 0.265, 0.426, and 0.52, Auger et al. 2008; Fassnacht et al. 2008) . So far none of these groups is detected in X-rays (Dai & Kochanek 2005; Fassnacht et al. 2008) .
MG J1654+1346 (herein MG1654) was recognized as an unusual radio source in the MIT-Greenbank-VLA survey. A z l = 0.254 giant elliptical galaxy lenses one of the radio lobes of a z s = 1.74 radio quasar into a radio Einstein ring (Langston et al. , 1989 Kochanek et al. 2000b ). Langston et al. (1989) notice an enhancement in the number density of galaxies around the lens, suggesting a complex environment. Momcheva et al. (2006) identify a group of seven galaxies with σ = 200 +120 −80 km s −1 at the lens redshift.
PMN J2004-1349 (herein PMN2004), discovered by Winn et al. (2001) in a southern survey for radio lenses, is a two image lens. The radio spectral index of the source is typical for radio-loud quasars, so it is considered a quasar despite the lack of optical confirmation. The lens is a spiral galaxy. Based on photometry, Winn et al. (2001) suggest 0.5 < z l < 1.0, but extinction considerations used to explain the color differences between the images imply lower values of 0.03 z l 0.36 (Winn, Hall & Schechter 2003) .
WFI J2033-4723 (herein WFI2033) is a quadruply imaged z = 1.66 quasar (Morgan et al. 2004 ) discovered as part of a southern hemisphere optical survey for gravitational lenses using the MPG/ESO 2.2 m telescope. The image separation is 2.53 . and Ofek et al. (2006) measure the S0 lens redshift to be z l = 0.661 ± 0.001 and z l = 0.658 ± 0.001, respectively. Lens models of the system require large shear γ = 0.225 due to a nearby galaxy and/or a group at the lens redshift (Morgan et al. 2004) . Recently Vuissoz et al. (2008) measure two independent time delays: ∆t B−A = 35.5 ± 1.4 days and ∆t B−C = 62.6 +4.1 −2.3 days. CLASS B2114+022 (herein B2114) was discovered in the Jordell Bank -VLA Astrometric Survey (King et al. 1999) . The four radio sources are arranged in an atypical lens configuration. The four images can be divided into two distinct groups: A and D are similar to each other, as are B and C, but the pairs are different from one another. Optical observations fail to detect the images, but identify two lens galaxies with early type colors and morphologies at z l1 = 0.3157 and z l2 = 0.5883 (Augusto et al. 2001) . The foreground galaxy G1 has a spectrum characteristic of E+A galaxies. Using a two plane lens model, Chae, Mao & Augusto (2001) explain the A and D radio components. There is no lens model to explain the B and C components yet. Momcheva et al. (2006) find a group of five galaxies at z = 0.3141 associated with the foreground lens galaxy and determine σ = 110 +170 −80 km s −1 . HE2149-2745 (herein HE2149) is a doubly imaged BAL quasar at z = 2.033 discovered by Wisotzki et al. (1996) as part of the Hamburg/ESO survey of bright quasars. The elliptical galaxy lens redshift z l = 0.495 ± 0.01 was measured by Burud et al. (2002b) , who also determine the time delay between the images ∆t = 103 ± 12 days. Based on the large number of galaxies in the R band image of the HE2149 field, Lopez et al. (1998) suggest that the lens might be a member of a cluster. Momcheva et al. (2006) and Williams et al. (2006) , however, only find several groups along the line of sight (at z = 0.27, 0.45, and 0.60), none of them associated with the lens. The number of NED redshift measurements added to our catalog.
h The sum of unique redshift measurements and NED redshifts, i.e., all galaxies and stars in our catalog. 
